Abstract Batter pile (or inclined pile) foundations are widely used in civil engineering structures. However, their behavior under dynamic loadings is not yet thoroughly understood. This paper presents an experimental work on the behavior of batter and vertical piles considering dynamic soil-pile-superstructure interactions. A series of dynamic centrifuge tests were performed using sinusoidal excitations. The influence of the base shaking (frequency content and amplitude) and of the height of the center of gravity of the superstructure is investigated. Seismic responses are analyzed considering the pile cap displacements and forces (total base shear, overturning and residual moments, axial forces). It is found that in certain cases batter piles play a beneficial role on the dynamic behavior of the pile foundation system. This novel experimental work provides an important database on the behavior of batter pile foundations under dynamic loadings.
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Introduction
The discussion about the performance of batter piles being beneficial (AFPS 1990; Eurocode8 2003; Gerolymos et al. 2008; Giannakou et al. 2010) or detrimental (Gazetas and Mylonakis 1998; Pender 1993; Berrill et al. 2001; Harn 2004 ) lasts for a long time. The main identified drawbacks are the following: large forces induced onto the pile cap, reduction in bending capacity due to the induced tensile forces, unfavorable rotation on the cap and additional bending moment due to soil settlement before the earthquake (Gerolymos et al. 2008) . Several field cases like the failure of the wharf in the port of Okland in 1989 during the Loma Prieta earthquake and the port of Los Angeles during the Northridge earthquake in 1994 revealed the unsatisfactory performance of batter piles. Recently, Haskell et al. (2013) reported the failure of raked piles during the Christchurch earthquake, due to severe abutment rotations resulting from lateral soil spreading. However, there are also studies in the scientific literature indicating a positive performance. As reported by Gazetas and Mylonakis (1998) , inclined piles, if properly designed, can be beneficial both for the structure they support and the piles themselves. Studies from Pender (1993) and Berrill et al. (2001) suggest also important beneficial effects when using batter piles.
In 2012, Escoffier (2012) performed a series of dynamic centrifuge tests on batter piles. The dynamic loads were applied using an earthquake simulator at the bottom of the model. Two end bearing pile group configurations (a 1 9 2 vertical pile group and a 1 9 2 pile group with one inclined pile) were subjected to sinusoidal and earthquake base shaking. The sine tests highlighted that the performance of batter piles is strongly dependent on the loading input frequency content. Batter piles not only changed the residual bending moment profile but also increased the maximum bending moment. Contrary to the vertical pile group, the residual bending moment profile of the batter pile group was almost insensitive to the frequencies of the sinusoidal input signals. However, the input frequency significantly influenced the maximum total bending moment.
Recent studies have also revealed that the performance of batter piles depends on the superstructure type. For example, Giannakou (2007) and Giannakou et al. (2010) studied numerically the performance of batter piles considering the influence of the superstructure center of gravity.
In this paper, the influence of the base-shaking signal and of the center of gravity of the superstructure on the behavior of batter pile foundations (with an inclination of 15°) is highlighted using dynamic centrifuge modeling. For this purpose, two superstructures (short and tall) and two excitation frequencies are selected; the first corresponding to the resonant frequency of the soil column and the second to the resonant frequency of the superstructure.
2 Experimental set-up
Selection of the base shaking sinusoidal signals
The main objectives of the tests with the sinusoidal excitation are to highlight the effect of the input frequency and its amplitude on the performance of batter piles. The input frequency was selected considering the frequency range of the shaker and the frequency response of both the soil column and the soil-pile-superstructure system. Figure 1 shows the frequency characteristics of each component in the experimental configuration. From previous tests, where multiple frequency base shaking signals were used, the range of the soil column response was found between 2.5 and 4.0 Hz. In this study and for dense sand, the soil column response frequency was estimated between 3.5 and 3.7 Hz. Therefore, the first frequency was chosen in the vicinity of the soil column response i.e. 3.5 Hz. In order to highlight the influence of the superstructure (inertial loading) and to distinguish it from the influence of the soil column, it is better for the frequency of the superstructure to be far away from the band frequency amplified by the soil column (2.5*4.0 Hz). This is the Fig. 1 Frequency ranges of the different components in the centrifuge tests (prototype scale) Bull Earthquake Eng (2016) 14:673-697 675 reason why the second frequency selected for the input was 2.0 Hz (equal to the frequency of the superstructure).
Build up of the centrifuge models
The basic components of the physical centrifuge models were: a soil deposit with controlled homogeneous properties, piles instrumented with strain gauges, stiff pile caps and superstructures. Accelerometers and laser sensors were also installed to monitor the behavior of the soil-pile-superstructure system.
Properties of the experimental set-up components
Dense dry Fontainebleau sand (NE34) was used in the tests put in place with an air pluviation technique (relative density about 80 %). The properties of the Fontainebleau sand are listed in Table 1 . The model piles were made of aluminum alloy and had hollow sections. They were instrumented with strain gauges, which enabled the determination of the bending moment profile and the axial stress at different depths. Pile heads were rigidly connected together through stiff pile caps, which induced rotational restraint (Mokwa and Duncan 2003) . The pile caps for both vertical and batter piles were made of two aluminum alloy pieces in order to ensure an easy assembly with bolts after sand pluviation. The reason for doing this was to avoid the ''shadowing effect'' of the pile cap during the air pluviation process. Figure 2 shows the assembly of the batter piles and the pile cap. It can be noticed that the piles were connected with a thin plate before the assembly. Its role was to provide a temporary support to the piles during the sand pluviation process. Table 2 gives the characteristics of the piles and the pile cap at model and prototype scales.
The lateral resistance of the pile cap was not considered in the tests. Due to the friction between the soil and the cap, especially when the pile cap is embedded in the ground, the lateral resistance of the pile cap can significantly increase (Beatty 1970; Kim et al. 1979; Liu et al. 1985; Zafir and Vanderpool 1998) . To avoid soil-cap interaction, the piles were designed to stand at certain distance above the ground surface, see Fig. 3 . The gap between the pile cap and the ground surface was 28 mm at model scale (1.12 m at prototype scale). The spacing of the piles i.e. the center-to-center distance between the piles was 4 times the diameter of the piles (4 D) for both pile group configurations. Floating pile group configurations were considered.
In order to study the influence of the height of the center of gravity on the responses of the pile foundations, two types of a single degree-of-freedom superstructure were designed, i.e. a short and a tall superstructure. The two superstructures were designed to have: • the same resonant frequency under fixed base conditions, • the same mass at the top of the superstructure,
• the same total weight of the whole foundation-superstructure system. Figure 4 shows the superstructures used in the tests. They were made of three parts: a mass block at the top, a supporting column and a base. The mass at the top was made of The fixed-base frequency of the building was designed to be 2.0 Hz. Due to the distance (1.12 m) between the pile cap and the soil surface, after the installation of superstructure, the height of the center of gravity of the mass at the top was thus found increased. The foundation superstructure system can be idealized as a lumped mass system, see Fig. 5 . Since the column supporting the building cannot be regarded as weightless, according to Harris and Piersol (2002) , approximately 23 % of the weight of the column should be included in the mass at the top while the rest 77 % contributes to the weight of the base. The height of the pile foundation H cap was 1.92 m (including the gap between the pile cap and the soil surface); the center of gravity H mass of the building was measured from the ground surface. Detailed information for the foundation superstructure systems is listed in Table 3 .
Preparation of the sand-pile system
Fontainebleau sand with 80 % relative density was used for the soil pile system. The homogeneity of the sand deposit was controlled with the air pluviation technique. In the centrifuge tests the methods for installing the piles are different from the engineering practice (where batter piles are installed into the soil by driving). Escoffier et al. (2008) discussed the influences of the different ways of pile installation on the final response of batter piles. The following method was adopted in this study. First, all piles were fixed and maintained to their precise positions in the Equivalent Shear Beam (ESB) container (Zeng and Schofield 1996; Teymur and Madabhushi 2003) at 1 g. Then the sand was filled layerby-layer by air pluviation from the bottom up to the level of the ground surface. A temporary sustaining system was used to maintain the piles during the pluviation, composed of an aluminum plate, 1 two steel rods and thin plastic wires, 2 see Fig. 6 . All the pieces in the temporary supporting system had to be thin enough to minimize The thin aluminum plate is used to maintain precisely the inclination angle of 15°. 2 The steel rods and plastic wire are used to minimize the impact of sand during pluviation. During the pluviation, when the sand surface is about 5 cm higher than the tips of the piles, the wires are cut to free the the ''shadowing effect'' during the sand pluviation.
3 After pluviation, the pile cap was installed onto the pile head by tightening the bolts using a dynamic torque screwdriver. Finally, the superstructure was installed onto the top of the pile cap.
Sensors were installed to record the movement of the soil-pile-superstructure system. The typical arrangement of the sensors in the centrifuge model is shown in Fig. 7 . The acceleration of soil column was measured by a vertical array of accelerometers, CH03-CH09, which were far away enough from the piles. 4 The movements of the pile cap and the Footnote 2 continued pile tips. After the sand surface arrives at the prescribed height, the pluviation stops and the steel rods are removed. 3 Shadowing effect: during sand pluviation the presence of items can influence the falling of sand into the container and thus affect the homogeneity of the sand deposit. 4 Comparison with the maximum accelerations and displacements measured from free field tests showed that these accelerometers measurements are representative of free field conditions and are not influenced by the pile group.
superstructure were monitored by accelerometers CH10-CH13. In addition, three highspeed laser sensors were used on the superstructure. Several accelerometers were also attached on one side of the container in order to capture the response.
Experimental program
In the dynamic centrifuge test program, each test involved 8 pulses, Tables 4 and 5 list the input sequences in the tests. The variation of the Arias intensities (Arias 1970) of the earthquake signals is shown in Fig. 8 . 
Definitions of terms and assumptions used in the analysis
For convenience, several term definitions and assumptions concerning the analysis and interpretation of the experimental results are introduced in this section.
Pile names
In dynamic centrifuge tests, there is no front or rear pile as the loading changes direction. Piles are hereafter named P7 and P8 according to their positions. The pile close to the ''Porte'' (on the right-hand-side) is called P7 and the one close to the ''Pivot'' P8, see Fig. 9 .
Residual, dynamic and total bending moment
Due to the permanent deformation of the soil and the influence of the superstructure during an earthquake event, embedded deep pile foundations may move from their initial position. Permanent lateral displacement may occur at the pile head and along the pile as well, see Fig. 10 . The residual bending moment is defined as the difference between the bending moment at the beginning and the end of base shaking, see Fig. 11 . As shown in this figure, the total bending moment is decomposed into two parts: a dynamic and a residual part.
Accumulation effect of the residual bending moment
During the tests, it was observed that when subjected to successive base shakings, the residual bending moments in the piles evolves, Fig. 12a . However, if the same base shaking was successively applied 2 times, the evolution, or the accumulation effect was Fig. 12b shows the evolution of the residual bending moment for the batter pile group with tall superstructure when subjected to 2 successive base shaking with a frequency of 2.0 Hz and peak acceleration of 0.4 g.
Rotation (rocking) and horizontal displacement (translation) of the pile cap
As previously mentioned, the responses of the pile cap and the superstructure are monitored by the sets of accelerometers shown in Fig. 13 . The pile cap vertical accelerations are measured by CH12 and CH13. The pile cap and the superstructure horizontal accelerations are measured by CH10 and CH11 respectively. The sensor CH09 situated far from the pile foundation is used to capture the soil surface accelerations. The pile cap displacement time history is obtained from the measured accelerations using a double integration process (Escoffier 2011 ) and the pile cap rotation can be calculated from CH12 and CH13. Finally, the relative translation of the pile cap is obtained by the difference between the pile cap and the soil surface displacements.
Overturning moment and total horizontal force (base shear) acting on the pile foundation
The Overturning Moment (OM) and the Base Shear (BS) are calculated from the inertia forces generated by the mass of the superstructure and the base using Eqs. (1) and (2).
where M mass and M cap are the masses; H mass and H cap the centers of gravity (Fig. 5) ; € u mass and € u cap the measured horizontal accelerations of the mass at the top and the pile cap, respectively. Tables 4 and 5 , each sinusoidal signal was applied two times. Results obtained for two successive identical inputs were similar, see Fig. 14. This is probably due to the high density of the sand used in the experiments that restrained the evolution of the behavior of the soil-pile-foundation system. From the engineering point of view, the important quantities are the excessive internal forces and deformations on the structural members. In the following, the maximum value after two identical excitation events was selected as the representative value (conservative approach).
Representative values used in the analysis of the experimental results

According to the experimental program in
For the sectional forces in the piles, the bending moments (residual bending moment, dynamic bending moment and total bending moment) and axial force in P7 were found higher than (or equal to) in P8 (this may due to the first loading direction). The maximum response of the pile P7 is considered hereafter as the representative value.
Data normalization: interpretation of the results
In order to evaluate the performance of the batter piles and the influence of the superstructures, comparisons are presented hereafter between the different configurations (IS, ITT, VS and VTT). The percentages of increase (P [ 0 %) or decrease (P \ 0 %) of the measured quantities due to the use of batter piles are calculated using Eq. (3).
where P is the performance index of the batter pile; Q max,I and Q max,V are respectively measured quantities of the batter and vertical pile configurations. In this way, the results obtained on a configuration of a batter pile group (with tall (ITT) or short building (IS)) are normalized by the results obtained on the corresponding vertical pile group with the same superstructure (i.e. ITT is normalized with respect to VTT and IS is normalized with Fig. 15 Normalized maximum total bending moment for the 3.5 Hz sinusoidal excitations (prototype scale)
Bull Earthquake Eng (2016) 14:673-697 685 respect to VS). An example is shown in Fig. 15 . The coloured bars show the results in terms of the performance index. A negative value indicates a beneficial performance (marked with 'Positive È') and vice versa. In addition, the maximum values obtained for the vertical pile groups are indicated on the top of the figure. In Fig. 15 , batter piles play a beneficial role, especially when they support a short superstructure. A different normalization rule is adopted for the pile stress profiles. The vertical piles with short superstructure (VS) are selected as the reference and the stress profiles are normalized with respect to the maximum value recorded on the reference configuration. This maximum value is chosen regardless of the location it appears along the pile.
Zero initial stress state
During the tests, for both vertical and batter piles, the initial pile sectional forces (bending moments and axial forces) generated during the air pluviation, the assembling of the pile cap and the spinning up of the centrifuge were not measured. The analyses of the performance of the batter piles are based on the assumption that the initial sectional forces are zero before the first base shaking. Furthermore, since both the short and tall superstructures were designed to have approximately the same total weight, the initial states for all the pile configurations with superstructures are assumed identical. Although the piles inclination may cause some differences on the sectional forces in the initial state, they are also not taken into account.
Performance of batter piles with dynamic soil-pile-superstructure interaction (DSPSI) under sinusoidal excitations
In the following sections, results are presented at the prototype scale unless otherwise mentioned. It was also checked that the performance of the container did not influence the frequency of the ground motions (almost the same frequency response of the container and the soil column). Under a dynamic loading, piles supporting a superstructure are subjected not only to kinematic but also to inertial interactions. The inertial loads can significantly influence the behavior of the pile foundations (Giannakou et al. 2010) . In return, the movement of the piles also influences the behavior of the superstructure. The (significant) influences of the superstructure and of the characteristics of the base shaking on the performances of both batter and vertical piles are discussed hereafter.
Displacements and rotations of the pile cap
Figures 16 and 17 show the displacements for the different pile configurations for the 2.0 Hz and 3.5 Hz sinusoidal excitations respectively. The base shaking and the superstructure type significantly influence the performance of the batter piles. A beneficial performance is more pronounced at 3.5 Hz when the pile group supports a short superstructure.
At 2.0 Hz and for the short superstructure, batter piles reduce the displacement at the pile cap of about 9-36 %. For the tall superstructure, batter piles have almost no (or slightly detrimental) effect, expect for the 2.0 Hz 0.05 g input. At 3.5 Hz and for the short superstructure, batter piles greatly reduce the pile cap displacement by around 47-67 %.
For the tall superstructure, this reduction is smaller (21-46 %), except for 3.5 Hz at 0.2 g where an increase of around 75 % is found.
In terms of rotations of the pile cap shown in Figs. 18 and 19 the performance of batter piles is again influenced by the frequency of the base shaking and the superstructure type. In general, batter piles have a beneficial effect at 3.5 Hz and detrimental at 2.0 Hz. The beneficial effect is more pronounced for a tall superstructure at 3.5 Hz.
At 2.0 Hz and for the short superstructure, batter piles increase the rotation of the pile cap (97-7 %). However, this effect decreases for the last (significant) excitation events. This detrimental effect decreases with increasing input intensity. For the tall superstructure, the performance of batter piles is detrimental for the first two excitations and become slightly beneficial for the last two strong excitation events. On the contrary, at 3.5 Hz, both for short and tall superstructures, batter piles reduce the rotation of the pile cap, from 19 to 54 % and from 43 to 68 % respectively. 
Total base shear
Figures 20 and 21 show the results of the total base shear force acting on the foundations under 2.0 and 3.5 Hz sinusoidal excitations respectively. The performance of the batter piles is largely influenced by the frequency of the base shaking and the superstructure type. The beneficial performance of batter piles is more pronounced at 3.5 Hz when a short superstructure is supported. At 2.0 Hz and for the short superstructure, the beneficial (-7 %) or detrimental (10 %) effect of batter piles is not obvious. For the tall superstructure, a beneficial effect can be observed (-21 %) for the second excitation event. However, for other events a slightly detrimental performance appears. At 3.5 Hz sinusoidal excitation and for the short superstructure the base shear force is significantly reduced (from 68 to 46 %). For a tall Fig. 18 Normalized maximum rotation of the pile cap for the 2.0 Hz sinusoidal excitations (prototype scale) Fig. 19 Normalized maximum rotation of the pile cap for the 3.5 Hz sinusoidal excitations (prototype scale) superstructure, batter piles have a detrimental effect. However this effect vanishes in the last high intensity events.
Total overturning moment
Figures 22 and 23 show the maximum overturning moment acting on the foundation under 2.0 and 3.5 Hz excitations respectively. The base shaking and the superstructure again largely influence the performance of batter piles. Beneficial effect of batter piles is more pronounced with a short superstructure at 3.5 Hz.
At 2.0 Hz and for a short superstructure, the base shaking effect is negligible (-6 to 6 %). For a tall superstructure, batter piles have a beneficial effect (21-44 %) (except for the first 2.0 Hz 0.05 g excitation, where the soil and the foundation system may not have been stabilized enough). At 3.5 Hz and for both type of superstructures, batter piles significantly change the total overturning moment and have a beneficial effect both for the short superstructure (71-47 %) and the tall one (44-62 %). 
Sectional forces in piles
In this section, the sectional forces in piles (bending moments and axial forces) resulting from the combined kinematic and inertial interactions are analyzed and discussed. The envelope curves of the maximum sectional forces and the normalized peak values are compared for the different pile groups and superstructures.
Residual bending moment in piles
Figures 24 Figures 26 and 27 show the normalized peak values of the residual bending moment for the 2.0 and 3.5 Hz sinusoidal excitations respectively. At 2.0 Hz, batter piles have a detrimental effect both for short and tall superstructures. The maximum residual bending moment is significantly increased up to 120 % (short) and 105 % (tall) except for small inputs (0.05 g). This detrimental effect is in an ascending trend due to the accumulation of the residual bending moment through the successive events. At 3.5 Hz, there is no doubt that the detrimental effect of batter piles with short superstructure is more pronounced. This detrimental effect decreases with successive input for short superstructure from about 1000-110 %.
Total bending moment in piles
Figures 28 and 29 show the normalized maximum total bending moment profiles for the 2.0 and 3.5 Hz sinusoidal excitations respectively. The presence of batter piles influences the bending moment profiles. Contrary to the vertical piles, the profiles of batter piles are not significantly influenced by the type of superstructure they support. The maximum bending moment for batter piles appears approximately near the pile heads. For the vertical piles, important peaks are also observed around the embedded depth 5 D.
The normalized maximum total bending moments along the profiles are summarized in Figs. 30 and 31. The maximum bending moments both for batter and vertical piles are less that the plastic bending capacity (4648 kN m in Table 2 ). All piles remain therefore in the elastic stage. At 2.0 Hz, the superstructure type influences the performance of batter piles. For short superstructure, batter piles induce less bending moment, this beneficial effect being around 30-45 % for all inputs. For tall superstructure, batter piles induce a detrimental effect that decreases from 170 to -7 %. At 3.5 Hz, batter piles reduce the Fig. 26 Normalized maximum residual bending moment for the 2.0 Hz sinusoidal excitations (prototype scale) maximum bending moment for both superstructure types. This effect is more pronounced for the short (60-71 %) than for the tall superstructure (35-55 %).
Axial force in piles
Due to the small number of compression strain gauges, it is difficult to evaluate the influence of batter piles on the axial force profile. Only the maximum values are discussed Fig. 27 Normalized maximum residual bending moment for the 3.5 Hz sinusoidal excitations (prototype scale) Fig. 28 Normalized maximum total bending moment profiles for the 2.0 Hz sinusoidal excitations (prototype scale) Bull Earthquake Eng (2016) 14:673-697 693 hereafter. Figures 32 and 33 show the normalized maximum axial forces for the 2.0 and 3.5 Hz sinusoidal excitations respectively. It can be seen that the maximum axial force is less than the plastic axial capacity (Table 2) . At 2.0 Hz, batter piles reduce the axial force by about 20 % for the short superstructure. For the tall superstructure the reduction is about 6-23 %, except for the last excitation. At 3.5 Hz, contrary to the 2.0 Hz tests, the performance of batter piles is significantly influenced by the superstructure type. When a short superstructure is supported, batter piles significantly reduce the axial force (30-55 %). On the contrary, for a tall superstructure batter piles increase the axial force (from 73 to 103 %).
Fig. 29
Normalized total bending moment, under 3.5 Hz sinusoidal excitations (prototype scale) Fig. 30 Normalized maximum total bending moment for the 2.0 Hz sinusoidal excitations (prototype scale) Fig. 31 Normalized maximum total bending moment for the 3.5 Hz sinusoidal excitations (prototype scale) Fig. 32 Normalized maximum axial force for the 2.0 Hz sinusoidal excitations (prototype scale) Fig. 33 Normalized maximum axial force for the 3.5 Hz sinusoidal excitations (prototype scale)
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Conclusions
The influence of the base shaking frequency and of the position of the center of gravity of the superstructure on the performance of batter piles is studied experimentally by series of sinusoidal tests. The main results can be summarized as follows:
1. Pile cap displacements: batter piles have a beneficial effect both at 2.0 and 3.5 Hz for the case of a short superstructure. For a tall superstructure, a beneficial performance is observed only at 3.5 Hz. The beneficial performance at 3.5 Hz is more pronounced for a short superstructure. 2. Pile cap rotations: beneficial effect at 3.5 Hz both for short and tall superstructures (more pronounced for the case of a tall superstructure). 3. Total base shear: beneficial performance more often observed at 3.5 Hz for a short superstructure. 4. Total overturning moment: beneficial performance at 3.5 Hz for a short superstructure.
For a tall superstructure, batter piles reduce the total overturning moment both at 2.0 and 3.5 Hz (except for 2.0 Hz at 0.05 g). The beneficial performance at 3.5 Hz is more pronounced for a short superstructure. 5. Residual bending moments: Batter piles induce higher residual bending moments. This effect is more noticeable at 3.5 Hz when a short superstructure is supported. 6. Total bending moments: beneficial effect for a short superstructure both at 2.0 and 3.5 Hz. For a tall superstructure, a beneficial performance is observed only at 3.5 Hz.
The beneficial performance at 3.5 Hz is more pronounced for a short superstructure. 7. Axial forces: beneficial effect for a short superstructure both at 2.0 and 3.5 Hz. For a tall superstructure, a detrimental performance is observed at 3.5 Hz.
Overall, batter piles induce higher residual bending moments. At 2.0 Hz, which is also the resonant frequency of the superstructure, both for short and tall superstructures the performance of batter piles is rather detrimental (in few cases and for a short superstructure a limited beneficial performance can be observed). On the contrary, at 3.5 Hz, which is (around) the resonant frequency of the soil column, batter piles manifest a beneficial performance. This effect however depends on the position of the center of gravity and it is found more pronounced for the case of a short superstructure.
Finally, it is clear that a simplified modeling tool, suitable for engineering design offices and for dynamic soil-pile-superstructure calculations, is necessary in order to be able to predict the beneficial or detrimental behavior of vertical and batter pile foundations. Work is in progress towards this direction (Li et al. 2013 (Li et al. , 2014 (Li et al. , 2015 .
